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Hongliang Hao ∗, Huisheng Zhang, Shilie Weng, Ming Su
The Key Lab. of Power Machinery and Engineering of Education Ministry, Shanghai Jiao Tong University, Shanghai 200030, PR China

Received 20 March 2006; received in revised form 26 April 2006; accepted 27 April 2006
Available online 23 June 2006

bstract

The paper presents a set of two-dimensional molten carbonate fuel cell mathematical models, considering the electrical, mass and heat transfer

haracteristics of a molten carbonate fuel cell. A dynamic simulation model was built under the VC++ environment. The steady state and dynamic
imulation results for a cross-flow molten carbonate fuel cell were obtained using the simulation model. The results are appropriate for the design
nd operation of molten carbonate fuel cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A fuel cell is considered as a good candidate for the next
eneration power source. Fuel cell-based power plants convert
hemical energy directly to electricity without the requirement
or conversion of energy into heat. In addition, NOx and SOx

missions are greatly reduced in comparison with fossil fuel-
ased generation systems [1,2].

Among the various fuel cell types, the molten carbonate fuel
ell (MCFC) is a very promising type, which is now about to
ecome commercially used. MCFCs belong to the high tem-
erature fuel cell class: the operating temperature range is about
00–700 ◦C, in which the electrolyte has a good ionic conductiv-
ty [3]. The MCFC is considered to be a second-generation fuel
ell. It has high efficiency and low emissions of NOx and SOx.
he MCFC has been proposed in recent years as an extremely
fficient solution in power generation.

The distribution parameters, such as the reaction temperature,
urrent density and gas species concentration, have important
ffects on the operation of the fuel cell. So they will have a very
mportant significance in predicting the distribution of temper-

ture, current density and species concentration in a fuel cell
tack. Considering the electrical and heat characteristics of a
uel cell, the paper presents a two-dimensional dynamic mathe-
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atical model of the MCFC. The steady and dynamic simulation
esults of a cross-flow molten carbonate fuel cell were obtained
sing the simulation model.

. Working principles of a MCFC

The working principle of a fuel cell is the simultaneous
eduction of an oxidant and oxidant of a fuel. Any oxidant
as containing oxygen and carbon dioxide is supplied to the
athode. There the oxygen reacts with carbon dioxide forming
arbonate ions. These ions are transported towards the anode
here they are involved in the oxidation reaction of hydrogen.
t the anode, water and carbon dioxide are formed. The anode

eaction produces electrons, while at the cathode, electrons are
onsumed. The electrons pass from the fuel electrode to the oxi-
ant electrode via an external circuit, and the electrical circuit is
ompleted by ions crossing through an electrolyte. The layout
f the MCFC is showed in Fig. 1.

At the fuel cell electrodes, the following electrochemical
eactions occur: [5]

At the cathode:

1
2 O2 + CO2 + 2e− ⇒ CO3

−2 (1)
At the anode:

2 + CO3
−2 ⇒ H2O + CO2 + 2e− (2)

mailto:hhler@sina.com.cn
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Nomenclature

E cell potential (V)
F faraday constant (c mol−1)
h enthalpy (kJ kg−1)
i local current density (A m−2)
K equilibrium constant
�n stoichiometric reaction number
�n molar flow rate change (mol m−3 s−1)
�P pressure drop (bar)
q Generation heat (kJ m−3 s−1)
Q reaction heat (kJ kg−1)
Rlocal internal resistance (� m2)
�R mass rate
�S entropy change of the reaction (J mol−1 K−1)
T temperature (K)
V working voltage of fuel cell (V)
�V local voltage losses (V)
W power (kW)
y mole concentration (mol mol−1)
η polarization resistance (� m2)

Subscript
A anode
C cathode
E electrode
MCFC molten carbonate fuel cell
S1 up separator
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S2 down separator
sh shift reaction

he overall electrochemical reaction:

2 + 1
2 O2(g) + CO2(C)(g) = H2O(g) + CO2(A) (3)
There are many processes in the fuel cell, including heat
eneration and transfer, mass-transfer, oxidation, ionization, ref-
rmation and so on. Electro-chemical reactions can produce

Fig. 1. MCFC schematic.
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eat. Meanwhile there is mass-transfer between the gas of anode
r cathode and the electrolyte, which forms a mass flow along
ith a heat flow. And when the current flows through fuel cell,

his produces resistance heating due to the various resistances.
he heat transfers between the gas and solid parts by conduction,
onvection and radiation. It will cause a change in the fuel cell’s
emperature field. At the same time, the temperature distribution
lso affects the electrochemical reaction.

It can be seen that the thermal physical and electrochemical
rocesses are interactive and interdependent in the fuel cell. The
istribution of temperature has a great effect on the electrochem-
cal reaction. So the analysis of heat generation and transfer in
fuel cell is important.

. Mathematical model for the MCFC

Several assumptions as following are applied in this paper:

1) The gas flow is in smooth-walled channels of constant cross
section.

2) Cell voltage has no distribution and is constant.
3) The electrolyte, anode and cathode are considered as a

whole, they have the same temperature and character at the
same position.

4) The fuel cell wall is completely insulated, and heat loss is
neglected.

5) The cell is with cross-flow in which fuel gas is in the x-
direction and oxidant gas is in y-direction.

6) The calculated infinitesimal is orthogonal.

x = 1, . . . , j, . . . , N, y = 1, . . . , k, . . . , M

.1. Power-generation characteristics

The electrochemical reactions are considered to be very fast,
nd modeled in a steady-state form.

The cell-unit performance of the electricity generation is
xpressed as: [6]

= E − �Vohmic − �Vanode − �Vcathod (4)

here V (V) is the cell operating voltage, E (V) the reversible
ocal cell potential, �Vohmic the local voltage losses due to the
nternal ohmic resistance, �Vanode and �Vcathod are the local
oltage losses due to an overpotential at the anode and cath-
de, respectively, Rohm the internal resistance, and ηanode and
cathode are the polarization resistance at the anode and cathode,
espectively.

According to the Nernst equation:

= E0 + RT

2F
ln

yH2 × y0.5
O2

× yCO2(c)

y × y
+ RT

2F
ln P (5)
H2O CO2(A)

here E0 is the standard potential, P (bar) is the gas pressure.

local = (Rohm + ηanode + ηcathode) (� m2)
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= E − i × (Rohm + ηanode + ηcathode) (V) (6)

Internal cell resistance is usually expressed by means of an
rrhenius equation as a function of temperature [4]:

ohm = 0.5 × 10−4 × exp

[
3016

(
1

T
− 1

923

)]
(7)

anode = 2.27 × 10−9 × exp

(
6435

T

)
P−0.42

H2
P−0.17

CO2
P−1.0

H2O (8)

cathode = 7.505 × 10−10 × exp

(
9289

T

)
P−0.43

O2
P−0.09

CO2
(9)

It can be seen that the distribution of temperature has direct
ffect on local potential and resistance from above formulas.

.2. Conservation of chemical species

During electrochemical reactions, two mole electrons are
enerated with one mole H2 at the anode, and consuming a half
ole O2 and one mole CO2 at the cathode.
The consumption or liberation flow rate �m (mol m−2s−1) of

he gas species H2, N2, CO, CO2, O2 and H2O is related to the
ocal current i (A m−2) generation:

� = �n · i

2F
(10)

� = (mH2 , mN2 , mCO, mCO2 , mO2 , mH2O) (l)

here F is the Faraday constant (96493 c mol−1); i the local cur-
ent density, and �n stand for the stoichiometric reaction number
f individual gas species.

In the fuel gas, the water-shift reaction takes place:

2 + CO2 ⇔ H2O + CO (11)

he composition change �nshift (mol m−3 s−1) due to the shift
eaction is determined by the local fuel gas concentration. The
eaction is double direction.

These chemical processes are very fast on a time scale of
0 �s. They are fast processes compared to the heat flow in a fuel
ell. Moreover, volume effect of infinitesimal was considered
ery small. Therefore, it is reasonable that the electrochemical
rocesses are modeled in steady-state form.

.2.1. Conservation equation of chemical species for the
node gas

For the anode gas

Fj−1 +
∑

Ri) × yj = Fj−1 × yj−1 + �Ri (12)

here:

�
i = �nshift × �nshift × V + i

2F
× �nanode × Asurface
�shift(H2, CO, CO2, H2O) = (1, −1, 1, −1)

�anode(H2, CO, CO2, H2O) = (−1, 0, 1, 1)
r Sources 161 (2006) 849–855 851

.2.2. Conservation of chemical species for the cathode gas
For the cathode gas

Fk−1 +
∑

Ri) × yk = Fk−1 × yk−1 + �Ri (13)

here:

Ri = − 3i

4F
× �Y × �X

�
i = i

2F
× �ncathode × Asurface

�cathode(N2, O2, CO2, H2O) = (0, −1
2 , −1, 0)

.3. Conservation of energy for fuel cell

The study of heat generation and transfer in fuel cell is most
mportant because it has a close relation to the electrochemical
eaction rate and power-generation characteristics.

The heat generation in the cell unit arises from three aspects:
he electrochemical reaction, the cell losses and the shift reac-
ion.

The local heat generation in the cell unit arises from the elec-
rochemical reaction and cell losses qe (kJ m−3 s−1):

e = i × (−(T �S/2F ) + ((E − V )/1000))

tcell
(14)

here �S is the entropy change of the reaction, tcell (m) is the
hickness of the cell unit.

The heat generation due to water-shift reaction is qs:

s = �Hshift × �nCO (kJ m−3 s−1) (15)

here, �Hshift is the enthalpy change of the shift reaction and
nCO (mol m−3 s−1) is the molar flow rate change in the fuel

as volume unit.

.3.1. The energy equation for fuel and oxidant gas
The general equation is expressed as:

∂(ρ × h)

∂τ
+ div

(
ρ × �V × h − λ ∇h

Cp

)
= Sh (16)

The up-wind difference equation of the fuel gas in X direc-
ion:

X × �Y × HA × P

R × Tj

× Cpj × dT A
j

dτ

= Fj−1 × Cpj−1 × T A
j−1 − (Fj−1 +

∑
Ri) × Cpj

×T A
j + AEA × KEA × (T E

j − T A
j ) + ASA × KSA

×(T S1
j − T A

j ) + qs × �X × �Y × HA + i

2F
× A
×Cp × T E
j + i

2F
× A × Cp × T E

j

− i

2F
× A × CpH2 × T A

j (17)
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The up-wind difference equation of the fuel gas in Y direc-
tion:

�X × �Y × HC × P

R × Tk

× Cpk × dT C
k

dτ

= Fk−1 × Cpk−1 × T C
k−1 − (Fk−1 +

∑
Ri)

×Cpk × T C
k + AEC × KEC × (T E

k − T C
k ) + ASC

×KSC × (T S2
k − T C

k ) − i

4F
× �X × �Y × Cp

×T C
k − i

2F
× �X × �Y × Cp × T C

k (18)

3.3.2. The energy equation for fuel cell (including:
electrolyte, anode and cathode) and separators (including:
up and down)

ρ × Cp × ∂T

∂τ
−
(

λx × ∂2T

∂x2 + λy × ∂2T

∂y2 + λz × ∂2T

∂z2

)
= q

(19)
The difference format of two-dimensional diffusion item is
FTCS.

The difference equation for fuel cell (electrolyte, anode and
cathode):

�X × �Y × HE × ρE × CpE × dT E
j,k

dτ

= �X × �Y × HE × λE ×
(

T E
j+1,k − 2 × T E

j,k + T E
j−1,k

�X2 + T E
j,

− �X × �Y × KEA × (T E
j,k − T A

j,k) − �X × �Y × KEC × (

×�Y × i

4F
× Cpo2 × T C

j,k + �X × �Y × i

2F
× CpH2 × T A

j,

×Cpco2 × T E
j,k − �X × �Y × i

2F
× CpcH2O × T E

j,k − σB ×
(

− σB × �X × �Y × (T E4
j,k − T S24

j,k )

(1/εEC) + (1/εs2) − 1

The difference equation for up separator:

�X × �Y × HS × ρS × CpS × dT S1
j,k

dτ

= �X × �Y × HS × λS ×
(

T S1
j+1,k − 2 × T S1

j,k + T S1
j−1,k

�X2 + T S
j,

×KSA × (T S1
j,k − T A

j,k) + σB × �X × �Y × (T E4
j,k − T S14

j,k )

(1/εEA) + (1/εs1) − 1

c
g
W
t
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The difference equation for down separator:

X × �Y × HS × ρS × CpS × dT S2
j,k

dτ

= �X × �Y × HS × λS ×
(

T S2
j+1,k − 2 × T S2

j,k + T S2
j−1,k

�X2

+ T S2
j,k+1 − 2 × T S2

j,k + T S2
j,k−1

�Y2

)
− �X × �Y × KSC

×(T S2
j,k − T C

j,k) + σB × �X × �Y × (T E4
j,k − T S24

j,k )

(1/εEC) + (1/εs2) − 1
(22)

X is length of infinitesimal, �Y is width of infinitesimal, HE,
A, HC, HS1, HS2 are the thickness of electrolyte and electrode,

he height of anode, the height of cathode, the thickness of up
eparator and the thickness of down separator, respectively.

. Simulation and analyses

The fields of temperature, current density and species con-
entration interfere with each other. To calculate the steady state
ondition, the fields of temperature, current density and species
oncentration should be iterated until the results converge. We
k+1 − 2 × T E
j,k + T E

j,k−1

�Y2

)
+ qe × �X × �Y × HE

T E
j,k − T C

j,k) + �X × �Y × i

2F
× Cpco2 × T C

j,k + �X

k − �X × �Y × i

2F

�X × �Y × (T E4
j,k − T S14

j,k )

1/εEA) + (1/εs1) − 1

(20)

1
k+1 − 2 × T S1

j,k + T S1
j,k−1

�Y2

)
− �X × �Y

(21)

an obtain the distribution of temperature, current density and
as species concentration of fuel cell at the steady-state point.
hen the boundary conditions change, the fields of tempera-

ure, current density and species concentration change with time
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Fig. 2. Dynamic response of the current density.

orrespondingly. They can then reach another steady-state after
period of time.

.1. Dynamic results and discussions

In our case study, the typical operating conditions were as fol-
ows: fuel gas flow rate and inlet temperature 0.017746 mol s−1

nd 873 K; supplied fuel is composed of 10% CO, 68% H2, 12%
O2, 10% H2O (mole fraction); oxidant (air) flow rate and inlet

emperature are 0.1412 mol s−1 and 873 K, the oxidant gas is
omposed of 14.7% O2, 54.6% N2, 30% CO2, 0.7% H2O (mole
raction), respectively. The temperature of the components in
he fuel cell is assumed to be 874 K.

The reaction gas flow into the fuel cell at time of 0 s. It reaches
teady-state condition at a time of 100 s. At a time of 250 s,
he flow rate of the fuel gas and the oxidant gas step increase
0% at the same time. After about 400 s, fuel cell achieves
nother steady state. We can obtain the main parameters’ two-
imensional field of fuel cell.

Five representative points including [i = 5] [j = 5], [i = 10]
j = 1], [i = 1] [j = 10], [i = 10] [j = 10], [i = 1] [j = 1] were selected

s examples. The dynamic character of fuel cell can be seen from
he dynamic response of the individual parameters at five points.

Fig. 2 shows the dynamic response of the current density of
ach point. In the initial stage, the current density is increasing

c
t
i
r

Fig. 3. Dynamic response of the temperature.

ecause the electrochemical reaction is strengthening gradually.
he average current density of the fuel cell is 1440 A m−2 when

t reaches the steady state after 100 s. At 250 s, the flow rate of
he fuel gas and oxidant gas stepwise increase by 20%. It can
e seen that the current density then increases quickly due to
he increase of species concentration and then decreases slowly
nder the influence of the temperature. The current density incre-
ent at each point is different. The average current density of

he fuel cell is 1510 A m−2 when it reaches the new steady
tate. The output power of the fuel cell is increased by about
%.

Fig. 3 shows the dynamic response of the temperature.
rom this figure, it can be seen that the temperature of the
uel cell is increasing in the initial stage because of the
eat generation of the electrochemical reactions and the resis-
ance. The increase of temperature accelerates the electrochem-
cal reactions. So the current density is increasing and the
pecies concentration is decreasing. The fields of tempera-
ure, current density and species concentration reach a steady
tate after 100 s. But the temperature of each point is differ-
nt.

After 250 s, the flow rate of the fuel gas and oxidant gas step-
ise increase by 20%. The average current density then increases
y about 7%. The electrochemical reaction is accelerated. The
urrent density increment of the different points is different and

he heat-exchange is uneven. So some points’ temperature is
ncreased, others decreased. After 400 s, the field temperature
eaches another steady state.
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Fig. 6. Two-dimensional H2 concentration field.

Fig. 4. Two-dimensional field of current density.

.2. Steady-state results and discussion

The two-dimensional distribution of current density is illus-
rated in Fig. 4. It can be seen that the point of maximum current
ensity is located near the inlet of the fuel gas flow and the
utlet of the oxidant gas flow. The electrochemical reaction in
his region is most intense because of the highest H2 concen-
ration of the fuel gas and highest temperature of the oxidant
as. The trend in current density is decreasing in the direction of
he fuel gas flow and increasing in the direction of the oxidant
as flow.

Fig. 5 reflects the two-dimensional temperature characteris-
ics of the electrolyte. The area of the inlet of the fuel gas flow
nd the outlet of the oxidant gas flow has the highest temper-
ture because of the most intense electrochemical reactions. It
an also be seen that the slope of temperature is sharp in the
irection of the oxidant gas flow. The flow rate of the oxidant
as is much greater than that of the fuel gas; the oxidant gas has
very strong cooling effect for the electrolyte. Therefore, the

xidant gas flow rate can be used to control the temperature of
he fuel cell.
Fig. 6 shows the two-dimensional H2 concentration field
f the fuel gas. From Fig. 6, it can be seen that the con-
entration of H2 decreases in the direction of the fuel gas
ow due to the consumption by the electrochemical reaction.

Fig. 5. Two-dimensional temperature field of the electrolyte.
Fig. 7. Two-dimensional CO2 concentration field of the oxidant gas.

Moreover, the temperature of the oxidant gas increases in the
direction of the oxidant gas flow, so that the H2 concentration
of the fuel gas decreases in the direction of the oxidant gas
flow.

The CO2 concentration of the oxidant gas decreases in the
direction of the oxidant gas flow because of the consumption
by the electrochemical reaction, which can be seen in Fig. 7.
In addition, the area of the inlet of fuel gas flow and output of
oxidant gas flow has the greatest current density, so the concen-
tration of CO2 in this region is lower.

5. Conclusions

A two-dimensional dynamic mathematical model of the
MCFC in this paper can reflect the distribution of temperature,
current density and species concentrations effectively. More-
over, we can obtain the steady state and dynamic characteristics
of a cross-flow molten carbonate fuel cell using our simulation
model.

It can be seen that the distribution parameters such as tem-

perature, current density and species concentration are affected
interactively. This has a very important influence on the safety
and efficient operation of the fuel cell.
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